Recent data have determined that the structure of the high pressure ǫ phase of solid oxygen consists of clusters composed of four O 2 molecules. This finding has opened the question about the nature of the intermolecular interactions within the molecular oxygen tetramer. We use multiconfigurational ab initio calculations to obtain an adequate characterization of the ground singlet state of (O 2 ) 4 which is compatible with the non magnetic character of the ǫ phase. In contrast to previous suggestions implying chemical bonding, we show that (O 2 ) 4 is a van der Waals like cluster where exchange interactions preferentially stabilize the singlet state. However, as the cluster shrinks, there is an extra stabilization due to many-body interactions that yields a significant softening of the repulsive wall. We show that this short range behavior is a key issue for the understanding of the structure of ǫ-oxygen.
local energy minimum that they recognized as unstable when higher levels of theory were applied. Furthermore, DFT calculations in Ref. [19] failed to show that the experimental (O 2 ) 4 geometry is the most stable one compared with other chain structures [13] , showing the need for additional studies. Then, it is apparent that despite recent progress [21] [22] [23] made in DFT methodologies for treating dispersion forces, the multiconfigurational character of molecular oxygen clusters still remains a serious challenge for such techniques.
We report here high level supermolecular ab initio calculations of the (O 2 ) 4 cluster. Our goal is a reliable characterization of the singlet ground state which is consistent with the magnetic collapse [16] and spectroscopy [12, 14, 15] of the ǫ phase. To this end, we use a multiconfigurational ansatz which is unavoidable for spin multiplicities of (O 2 ) 4 lower than the maximum one (nonet). We proceed in analogy to our previous work on the dimer [6, 7] and treat the highest spin complex by means of a restricted coupled cluster theory with singles, doubles and perturbative triple excitations [RCCSD(T)]. In addition, the singlet-nonet splitting can be well described at the multiconfigurational complete active space second order perturbation (CASPT2) theory. Finally, the (O 2 ) 4 singlet energy is obtained by adding, to the RCCSD(T) nonet potential, the singlet-nonet CASPT2 splitting. The aug-cc-pVQZ [24] basis set has been used at all levels of theory. For the CASPT2 calculations the active space is defined by distributing 8 electrons in 8 molecular orbitals correlating asymptotically with the O 2 π ⋆ g shell. As customary, these orbitals have been previously optimized with the Complete Active Space Self Consistent Field (CASSCF) method. The counterpoise method [25] was applied to correct interaction energies for the basis set superposition error. As for the (O 2 ) 4 geometry, we use a cuboid structure with D 4h symmetry. The centers of mass of O 2 form a square whose side is changed in the range [1.5 − 25]Å while the intramolecular distance is kept fixed to 1.2065Å. Calculations have been performed with the Molpro2006.1 package [26] . In addition and in order to study the role of many body interactions, we compare the supermolecular calculations just described with estimations based on the summation of pure pair interactions. In the pairwise approach we have obtained expressions for the (O 2 ) 4 energy which are compatible with a well-defined total spin of the complex, resulting in specific combinations of the (O 2 ) 2 singlet, triplet and quintet potentials. For a faithful comparison, the pair potentials were obtained at the same level of theory than those of (O 2 ) 4 . It must be noted that there are three singlet states [27] state.
The interaction energies of (O 2 ) 4 in the singlet and nonet states as functions of the square side d are reported in the upper panel of Fig. 1 together with the pairwise estimations of the corresponding interactions. Equilibrium parameters of these potentials are given in Table   I . As can be seen from the parameters of the singlet and nonet potential wells, (O 2 ) 4 is a van der Waals like complex in the gas phase, mainly stabilized by dispersion interactions.
Exchange interaction, however, plays a role making the potential well of the singlet state deeper and shifted at shorter intermolecular distances than that of the nonet state. As in the dimer [6, 7] , the exchange interaction favors the states of lowest spin multiplicity. More insight is gained when comparing the supermolecular calculations with the pairwise estimations. For the nonet state, the pairwise approximation reproduces very well the supermolecular energies indicating that many-body effects are not particularly relevant.
However, for the singlet state, an analogous agreement is only achieved for the larger d sizes of the cluster. Around the minimum of the singlet well, the supermolecular energies are already lower than the pairwise ones (see Table I ) but it is for shorter distances where a remarkable softening of the repulsive wall is found. This is due to a many-body effect, as shown in the lower panel of Fig. 1 where it can be noticed that the many-body interaction energy for the singlet state increases dramatically as d decreases, being about 1.2 eV at d= 2Å. The origin of this effect must be in the exchange interactions [28] since polarization contributions to many-body interaction energies, if important, should be shown also for the nonet state, that is not the case.
In a molecular crystal the first response to pressure is the "squeezing out of van der
Waals space", in other words, the penetration to the repulsive region of the intermolecular potentials [29] . Therefore the peculiar behavior reported above can be relevant indeed for understanding the structure of the high pressure ǫ phase [10, 11] . For this reason, in the following we will focus on the features of (O 2 ) 4 at short cluster d sizes.
Some clues for the softening of the repulsive wall of the ground singlet state are given in Fig. 2 , where we report CASSCF calculations of the molecular orbitals arising from the interaction of the eight half-occupied π exchange effects. However, a double occupancy only occurs for very short distances (d <
1.8Å). Moreover, the (O 2 ) 4 orbital stabilization is much smaller than the electron-electron
Coulomb repulsion contribution to the total interaction. Thus, the result is not a minimum but a softening of the repulsive region of the potential, as obtained in Fig. 1 . This multiconfigurational analysis differs from those of Refs. [17, 18] where, based on a simpler monoconfigurational picture, it was suggested that all the bonding orbitals were doubly occupied leading to large binding energies with respect to the isolated O 2 molecules. The present analysis also gives a qualitative insight into the observation of a ≈ 1 eV shift in the π ⋆ g ← 1 s transitions at the boundary of the ǫ phase [17] , since the splitting between the (O 2 ) 4 antibonding energies and the isolated π We have also checked that the energy of the ground singlet state is significantly lower than those of the other singlet states and different spin multiplicities as well, particularly in the repulsive region of the interaction. Albeit in a very intuitive manner, the emerging picture can give some hints on the formation and structure of the ǫ phase and its non-magnetic character. To illustrate this point and also in order to study whether present results are adequate for a description of the ǫ phase, we consider a very simple model for the energy of a layer of (O 2 ) 4 clusters. A basic unit cell is shown in Fig.3 where the tetramers form rhombuses of length d and angle α. It is assumed that, at a given pressure, the centers of mass of the clusters are fixed and determined by the lattice parameters a and b. Values of these parameters as functions of pressure were taken from Ref. [11] . In addition, the angle α is fixed to 81.4 o as derived from data reported at 11.4 GPa [11] . We assume that all clusters increase/decrease their size d at a time and study the subsequent modification of the cell energy. This energy is given as a sum of intra-and inter-cluster contributions because the nonmagnetic character [16] of the ǫ phase suggests that dependence on spin must be washed out. In Fig.3 (upper panel) it is shown that, within the cell, the optimum size of the cluster is considerably reduced with respect to the gas phase equilibrium distance. For 18.3 GPa, a minimum in the total energy is obtained at about d m = 2.17Å, in agreement with the observed intra-cluster distance of 2.185Å [11] as well as with the value obtained at 17.6 GPa in other independent experiment [10] . In the lower panel of Fig. 3 we show that the pressure dependence of the optimized intra-and We would like to stress that, despite the simplicity of the model, the key element is the behavior of the repulsive wall of the ground singlet state, adequately calculated at a multiconfigurational level of theory. Indeed, substitution of the the ground singlet energy V intra (d) with that corresponding to a different spin multiplicity (or an excited singlet state) would lead to an optimum intracluster size far less compatible with the measurements (e.g., d m ≈ 2.35-2.40Å at 18.3 GPa). As discussed in Ref. [10] , the fact that both intra-and inter-cluster distances compress at nearly the same rate is a clear indication of a rather weak interaction between the O 2 molecules. Present finding of a van der Waals cluster with a very incipient chemical bond for short sizes is consistent with the observations. More refined models and extended calculations should be developed to account for the intriguing spectroscopy of ǫ-oxygen [12, 14, 15] . Since at the cluster sizes relevant to the ǫ phase the energy of the (O 2 ) 4 unit is not a minimum, including both intra and inter-cluster degrees of freedom in such models is unavoidable, especially for the lower frequency vibrational modes.
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